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ABSTRACT: The polyol route is a versatile and up-scalable method to produce large batches of iron oxide nanoparticles 
with well-defined structure and magnetic properties. Controlling 
parameters such as temperature and duration of reaction, heating 
profile, nature of polyol solvent or of organometallic precursors 
were reported in previous studies of literature, but none of them 
described yet the crucial role of water in the forced hydrolysis 
pathway, whose presence is mandatory for nanoparticle produc-
tion. This communication investigates the influence of the water 
amount and temperature at which it is injected in the reflux sys-
tem for either pure polyol or mixture with a poly(hydroxy) amine. 
Distinct morphologies of nanoparticles were thereby obtained, 
from ultra-ultra-small smooth spheres down to 4 nm in diameter 
to large ones up to 37 nm in diameter. Nanoflowers were also synthesized, which are well-defined multi-core assemblies 
with narrow grain size dispersity. A diverse and large library of samples was obtained by playing on the nature of solvents 
and amount of water traces while keeping all the other parameters fixed. The varied morphologies lead to magnetic na-
noparticles well-fitting to required applications among magnetic hyperthermia and MRI contrast agent, or both. 
INTRODUCTION 
Magnetic iron oxide nanoparticles (IONPs) find applica-
tions in the biomedical field as diagnostic tools and inno-
vative therapies as they provide contrasting properties in 
magnetic resonance imaging (MRI) and also serve as heat 
mediators in magnetic fluid hyperthermia (MFH) and for 
triggered drug delivery.1 As IONPs are biocompatible, 
they are among the best candidates over alternative mag-
netic nanomaterials for health applications. Various syn-
thesis pathways have been explored for their production,2 
the most common being alkaline co-precipitation,3 polyol 
process,4 thermal degradation of organometallic precur-
sors,5 and hydrothermal treatment6. The polyol process is 
an interesting compromise when taking into account the 
ease of synthesis, scalability, cost-efficiency, and control 
over the morphology. This process leads to nanoparticles 
with morphologies ranging from smooth spheres to more 
complex structures such as the so-called “nanoflowers”. 
Other strategies were reported to directly produce flower-
like structures in water such as co-precipitation in pres-
ence of excess polysaccharide7 or in a microwave reactor.8 
The polyol synthesis of multi-core magnetic NPs was 
introduced by Caruntu et al..4 In their reaction pathway, 
the solvent acts simultaneously as a complexing agent for 
iron chloride precursors and as a high boiling point sol-
vent, with reflux temperatures usually in the order of 220 
°C. Nanoflowers are amongst the best IONPs in terms of 
efficiency for heating under an applied alternating mag-
netic field (AMF) and as negative (transverse T2) MRI 
contrast agents, as previously reported.9 At equivalent 
concentrations of iron, the outstanding heating properties 
of these assemblies of small grains into larger raspberry-
like structures were related to a frustrated super-spin 
glass state.10 Regarding mechanistic pathway of the syn-
thesis, tentative descriptions of the intermediary states of 
reaction were proposed,11 together with the role of polyol 
solvent in orienting the morphology.12 Different reaction 
conditions were studied in literature, with control param-
eters such as the choice of polyol solvent,12 temperature 
and pressure,13 reaction time and heating ramp slope,14 
alkaline pH,15 and presence of adsorbed capping agents16. 
The main applications envisioned for nanoflowers are as 
nanoheaters for MFH and efficient negative (T2) contrast 
agents for MRI, as ascribed to their large magnetic mo-
ment and large intrinsic magnetization Md (magnetic 
mono-domain moment divided by the particle volume). 
The main challenge to overcome for utilizing these supe-
rior magnetic properties in biological media is to prevent 
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particle aggregation that can be revealed by a non-
reversible magnetization curve in static magnetic field. 
With large magnetic moments, nanoflowers experiment 
strong magnetic dipolar interactions. Moreover, the coat-
ing of their surface by a residual organic layer can render 
them difficult to peptize as stable aqueous colloidal sus-
pensions, especially in physiological media. 
In this study, we were primarily interested in reproduc-
ing results described in the literature. However, reproduc-
ing the synthesis with published protocols proved to be a 
challenging task, as magnetic nanoparticles could not be 
obtained straightforwardly. Working in even more con-
trolled conditions (absence of moisture, oxygen-free envi-
ronment) did not help, until it was realized that traces of 
water were needed to perform the reaction. These obser-
vations lead to an extensive study reported hereafter, 
describing how the amount and way of adding water in 
the synthesis influence the final morphology of the NPs. A 
full library of water-dispersible IONPs was successfully 
synthesized, with tunable diameters from ∼4 to ∼37 nm. 
MATERIALS AND METHODS 
Materials 
Nitric acid (HNO3, 70%) was from Fisher, ethyl acetate 
(>99.5%) was from Sigma Aldrich, acetone (technical 
grade), ethanol (96%), diethyl ether (100%) were from 
VWR, N-methyldiethanolamine (NMDEA, 99%), was 
from Acros Organics, diethylene glycol (DEG, 99%), sodi-
um hydroxide pellets (NaOH, 98%), iron(III) nitrate no-
nahydrate (Fe(NO3)3⋅9H2O, >98%), and iron(II) chloride 
tetrahydrate (FeCl2⋅4H2O, 98%) were from Alfa Aesar, 
iron(III) chloride hexahydrate (FeCl3⋅6H2O, >97%) was 
from Panreac. 
Synthesis of iron oxide nanoparticles 
The nanoparticles were produced by modifying reaction 
conditions previously reported by Caruntu et al.:4 80 mL 
of a mixture of DEG and NMDEA with volume ratios of 
either 1:0 or 1:1 v/v was added in a three-neck round bot-
tom flask flushed with nitrogen under magnetic stirring 
for one hour. 1.08 g (4 mmol) of FeCl3⋅6H2O and 0.40 g (2 
mmol) of FeCl2⋅4H2O were then let to dissolve overnight. 
In the meantime, 0.64 g (16 mmol) of NaOH powder was 
dissolved under magnetic stirring in 40 mL of either pure 
DEG or a mixture of DEG and NMDEA with 1:1 v/v ratios 
in a separate three-neck round bottom flask. The NaOH 
solution was flushed by bubbling nitrogen for one hour 
before mixing with the mixed iron(II,III) chloride solu-
tion. The color quickly turned from yellow to deep green. 
The mixture was then heated up to 220 °C (temperature 
ramp in around 30 min) with an electronically controlled 
Digi-Mantle™ heating mantle (OMCA0250, Electrother-
mal™) set at full power, before letting the reaction occur 
for a determined period of time, either with or without 
mechanical stirring (500 rpm). Nanoparticles were then 
separated over a strong permanent ferrite magnet 
(152×101×25.4 mm3, Calamit Magneti™, Milano-Barcelona-
Paris), washed three times with 1:1 v/v mixture of ethanol 
and ethyl acetate, once with 10 % nitric acid, twice with 
acetone and twice with diethyl ether, before redispersion 
in water and stirring in open air to remove the solvents. 
At this stage, a black monophasic dispersion of NPs was 
obtained. 8.6 g of iron(III) nitrate was then added to the 
solution as a strong oxidant by heating at 80 °C for 45 min 
while mechanically stirring.17 The solution then turned 
from clear black to clear brown-orange. The nanoparticles 
were flocculated by addition of 10% nitric acid before 
finally washing them twice with acetone and twice with 
diethyl ether. At this stage a deep orange-black dispersion 
of nanoparticles was obtained. The fluid was attracted by 
permanent magnets while staying in a single liquid phase, 
confirming that a true ferrofluid was obtained. 
Sample nomenclature 
Each final product is designated according to the main 
synthesis parameters, i.e. the solvent (D for pure DEG, N 
for DEG-NMDEA 1:1), the volume of water in µL added in 
120 mL solvent (the subscript HI or HU is added to specify 
if water was injected to the reacting mixture at solvent 
reflux – hot injection – or by heating-up from room tem-
perature), and the duration time, for example N500HU-5h 
(500 µL H2O added to 120 mL DEG-NMDEA 1:1 heated up 
to reflux for 5 hours) or D5000HI-20m (5000 µL H2O add-
ed through a septum to 120 mL of dry iron(II,III) precur-
sors in boiling DEG, then let for 20 min before cooling). 
Table 1: Batch names under varying synthesis conditions. 
Asterisk designates a mixture reacted under “natural mix-
ing” (i.e. by diffusion and convection, but no stirring). 
Batch name Nomenclature 
15ff N1000HU-5h 
17ff D5000HI-20m 
25ff N500HU-4h 
30ff N1000HU-5h 
31ff N500HU-1h 
32ff N500HU-5h 
34ff N100HU-5h* 
35ff N100HU-5h 
36ff N100HU-5h 
 
Transmission Electron Microscopy was performed on a 
Hitachi™ H7650 microscope with an acceleration voltage 
of 80 kV. TEM images were acquired with an ORIUS™ 
SC1000 large format (11 MPx) Camera. Samples were pre-
pared by nebulizing NP dispersions at concentrations of 1 
g∙L-1 on Formvar™ carbon coated 200 mesh copper grids 
from Agar Scientific™ and leaving them to dry at room 
temperature. NP size distributions were obtained by 
measuring more than 100 NPs with the ImageJ freeware 
(https://imagej.nih.gov/ij/). Size-histograms were fitted 
to a log-normal distribution law P(d) of optimized values 
of median diameter α and non-dimensioned width β: 
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In addition, the mean sizes d0 = <d> (number-averages) 
and standard deviations σ = <(d-<d>)2>1/2 were calculated 
using the classical Gaussian statistics formulas. 
Dynamic Light Scattering and Zetametry: A Nanosizer™ 
Nano ZS90 from Malvern™, UK, was used to measure ζ 
potentials, Z-average hydrodynamic diameters (Dh), and  
polydispersity indexes (PDI). 2nd order Cumulant fit was 
used for DLS (the PDI being defined as the ratio of the 2nd 
order coefficient to the square of the 1st order one in the 
series18), and Smoluchowski equation for zetametry. 
Relaxometry: Samples were prepared at concentrations 
of 6 mMFe. NMR tubes (7.5 mm outer diameter) were 
filled with 1 mL of each sample, and inserted in a Bruker™ 
mq60 relaxometer equipped with a 60 MHz / 1.41 Tesla 
magnet. The samples were left to thermalize to 37 °C 
using a Julabo™ f25 ED circulation bath. Following rec-
ommended protocols in proton relaxometry,19 longitudi-
nal T1 relaxation times were measured using an inversion-
recovery sequence of first duration of ∼0.1×T1 and final 
duration of ∼3×T1 with a recycling delay (RD) of ∼5×T1 
between two of the 10 acquisition points, 4 scans and an 
automatic RF receiver gain. Transverse T2 relaxation times 
were measured using Car-Purcell-Meiboom-Gill (CPMG) 
sequence, with delay time τ of 0.04 ms between the 90° 
rotation to transverse plane and the 180° focusing pulse, a 
duration time of 3×T2, RD of 5×T1, and automatic receiver 
gain. The number of acquisition points was set by divid-
ing the duration time by the delay time τ. 
Magnetic hyperthermia: NPs were dispersed at concen-
trations of 3 g⋅L-1 in diluted HNO3 (at pH∼2) to preserve 
their colloidal stability. The samples were placed in 500 
µL plastic cuvettes, which caps were pierced with a needle 
to introduce a fiber optics temperature probe of 420 µm 
outer diameter (medical range OTG-M420 fiber, 
Opsens™, Québec, QC, Canada) and measure tempera-
ture profiles versus time. Samples were thermalized at 37 
°C using a glass-water jacket connected to a temperature 
bath until reaching equilibrium. The heat generation by 
magnetic NPs was triggered using an induction coil (4-
turn of 3.5 mm diameter hollow – 0.4 mm wall – copper 
tubing, 55 mm outer diameter, 48 mm inner diameter, 
34.5 mm height) fed by a Minimax Junior™ 1TS 3.5 kW 
generator (Seit Elettronica™, Italy) applying an alternat-
ing magnetic field (AMF) at maximum amplitude Happ of 
10.2 kA.m-1 and at a frequency f of 755 kHz as determined 
by finite element modelling.20 The amplitude and fre-
quency of the magnetic field were corroborated by meas-
uring the electromotive force in a scout coil (turn of 17.5 
mm diameter) and an oscilloscope (Agilent™ 54641 A). 
The AMF was applied for 5 min while recording the eleva-
tion of temperature and measuring its slope at early times 
(within first 5 s). 
Static (DC) magnetization curves of the NP aqueous 
dispersions were obtained on a 1.8 T homemade vibrating 
sample magnetometer (VSM, SGIker – UPV/EHU). The 
magnetic field was measured by a gaussmeter whereas the 
signal was conditioned by a Stanford™ SR810DSP lock-in 
amplifier controlled by a PC under a LabVIEW™ program. 
Zero field cooling – field cooling (ZFC-FC) experiments 
were conducted on a SQUID magnetometer (MPMS™ 7T 
from Quantum Design™, San Diego, CA, USA). This mag-
netometer was previously calibrated by Y3Fe5O12 garnet 1 
mm diameter sphere (standard reference materials 2853) 
and reset after each measurement. Estimates of the block-
ing temperature and of the magnetic anisotropy were 
made according to a previously published protocol.21 
Iron titration in NP suspensions: Iron molarity [Fe] was 
given by a disruptive photometric assay, using the charac-
teristic absorption peak at 350 nm of [Fe(Cl)6]3
- complex 
when an aliquot of the suspension was dissolved in con-
centrated hydrochloric acid (HCl 5 M), according to pre-
vious calibration law OD350nm, 2mm=0.5043 ×[Fe]mM+0.0172. 
Then [Fe] was converted into iron oxide weight assuming 
pure γ-Fe2O3 composition (∼80 g⋅mol
-1). 
Small angle neutron scattering (SANS) curves were ac-
quired on the PACE spectrometer of the LLB-CEA Saclay. 
RESULTS AND DISCUSSIONS 
This study of water effect originates from an unexpected 
observation made while reproducing the synthesis of iron 
oxide NPs first described by Caruntu et al.4 After dissolv-
ing separately iron(II,III) chlorides and sodium hydroxide 
in polyols in open air, NPs were produced after mixing 
the two solutions and elevating temperature. But in these 
conditions, it was noticed that the starting solution of 
iron chlorides slowly changed of color from brownish to 
yellow, as iron(II) salt was slowly oxidized into iron(III). 
In another experiment, the solvents were degassed be-
forehand with anhydrous nitrogen flow before dissolving 
the precursors and kept well-isolated from the open air to 
counter this oxidation effect. The color of the iron chlo-
rides solution remained brownish through time, but no 
NPs were produced upon mixing with the sodium hydrox-
ide solution and elevating temperature. Therefore it was 
postulated that in the first experiment, water traces were 
incorporated in the highly hygroscopic polyol solvent by 
agitating it in open-air, and that this water content in the 
reaction mixture before heating is a key parameter to 
produce magnetic NPs. This observation led to an exten-
sive study of the role of water in the synthesis of iron 
oxide nanoparticles in a mixture of a polyol and a 
poly(hydroxy) amine (viz. DEG, NMDEA). Different 
batches of NPs were produced by varying reaction param-
eters (e.g. duration, solvent system, amount and time of 
injection of water traces, i.e. hot injection vs. heating-up). 
As the two major biomedical applications of IONPs are 
for magnetic fluid hyperthermia (MFH) and as MRI con-
trast agents, we dedicated our efforts to provide selected 
NPs suitable for these two applications. Large (several 
tens of nm) NPs were produced for MFH, while ultra-
ultra-small superparamagnetic iron oxide (UUSPIO) NPs 
of few nm only were synthesized for applications as posi-
tive MRI contrast agents with T1-weighted sequences.
22-25 
The main reaction parameter to select morphology (and 
therefore magnetic properties) was solvent composition. 
A mixture of DEG and NMDEA (1:1 volume ratio) was 
used to yield large NPs, while ultra-ultra-small NPs were 
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produced in pure DEG. In both cases, the same quantity 
and stoichiometric ratio of iron(II,III) chlorides and hy-
droxides were used (2:1:8 Fe3+:Fe2+:OH ratio, i.e. one hy-
droxide anion per chloride). 
Reactants were heated from room temperature to reflux 
(approximately 30 min to reach 220 °C) to obtain NPs. 
Traces of water were injected to the mixture either at 
room temperature (heating-up) or at reflux (hot injection), 
while solvents were freshly ordered and preserved from 
moisture. In the case of the DEG/NMDEA solvent system, 
traces of water were injected in different amounts from 
100 μL to 2 mL in 120 mL of solvent, representing between 
0.083 % and 1.67 % (v/v). Using lower amounts of water 
did not allow producing NPs, while using larger quantities 
of water lead to ill-defined NPs. The best control (mean-
ing size-distribution and homogeneous morphology) was 
achieved when mixing a determined amount of water in 
the solvent system with the precursors before heating up, 
as supposedly ascribed to more homogeneous composi-
tion of the starting mixture. 
Figure 1. TEM micrographs of γ-Fe2O3 NPs of mono- or multi-
core morphology and their measured outer diameters: a) 36ff 
(32.3±5.0 nm), b) 35ff (29.1±4.4 nm), c) 34ff (18.5±3.2 nm), d) 
32ff (14.5±3.4 nm), e) 31ff (27.5±4.2 nm), f) 30ff (46.9±8.5 nm), 
g) 15ff (36.9±4.8 nm), and h) 17ff (4.3±1.1 nm). 
Surprisingly, using anhydrous iron(III) chloride instead 
of the hexahydrate compound did not allow producing 
magnetic NPs, even when adding traces of water before 
heating. This evidences the large influence of water on 
the reaction, and the importance of the addition order of 
the chemical compounds in the outcome of reaction. In 
the polyol/poly(hydroxyl) amine synthesis, the solvents 
act simultaneously as multivalent chelators for iron(II,III) 
centers, as well as a high boiling temperature medium to 
achieve control over the nucleation and growth of NPs. 
The chloride counter-ions of the iron(II,III) salts can be 
exchanged by complexing solvent molecules and then by 
hydroxide ions when adding NaOH. It was described by 
Caruntu et al. that the actual precursors of inorganic 
polymerization are the iron(II,III) hydroxides in which 
the metallic centers are also chelated by DEG.11 Therefore 
the polyol route is also referred to in literature as a 
“forced hydrolysis” mechanism. This salt metathesis can 
be observed by eye when mixing the reactants from the 
color changes of the organometallic solutions turning into 
a black colloidal suspension of magnetite (Fe3O4) NPs. 
Studying the medium of synthesis by NMR helped un-
derstanding the mechanism of reaction (Figure S2). It is 
observed that controlled water addition shifts the broad 
peak attributed to the labile protons of hydroxyls in DEG 
and NMDEA. Apart from further shift of this labile proton 
peak ascribed to pH variation occurring during synthesis 
(hydroxyls being converted into oxide), NMR spectrum 
does not show evidence of polyol molecules degradation. 
It is worth noting that the IONPs are in most cases still 
covered by a layer of chelating solvents even after purifi-
cation steps using a mixture of ethanol and ethylacetate.14 
This affects the colloidal stability of the samples, and 
their ability to be oxidized. During the oxidation step, the 
sample color is expected to turn from black to brown as 
IONPs are oxidized from magnetite to maghemite. In 
some cases, especially for nanoflowers, the solution color 
remained black. This protective layer of DEG and NMDEA 
at the surface of the IONPs was evidenced by Zeta Poten-
tial measurement of the IONPs versus pH (Figures S1). 
The isoelectric point (IEP) of maghemite is around pH=7, 
while the IEP of the IONPs still covered by a layer of sol-
vents is shifted to about pH=9, which is consistent with 
the expected pKa value of the amine moiety in NMDEA. 
Washing the IONPs by a precipitation-redispersion pro-
cess in alkaline water medium revealed to be an efficient 
mean to remove the last traces of chelated solvents. 
In the case of the pure DEG solvent, amounts of water 
as large as 5 mL, representing 4.2 % of solvent volume 
were injected at reflux temperature with a syringe needle 
through a septum (hot injection), generating smaller NPs, 
with diameters typically in the order of 3-5 nm. The fast 
introduction of water at high temperature immediately 
generated a sudden nuclei burst, with a solution turning 
from deep green to black. This hot injection method leads 
to “ultra-ultra-small” NPs as there is a limited quantity of 
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precursors in solution available for crystal growth. The 
time-scale of reaction was usually much shorter than 
when synthesizing larger NPs in DEG/NMDEA. Typically, 
reactions were completed after 15-20 min. When letting 
an aliquot of the reaction mixture at rest over a strong 
permanent magnet, the supernatant became uncolored, 
evidencing the total conversion of the colored iron(II,III) 
organometallic precursors into colloidal magnetite phase. 
Figure 2. TEM micrographs of γ-Fe2O3  nanoflowers: a) 36ff, 
b) 35ff, c) 30ff, and d) 15ff. Distribution of grain size 7.4±1.4 
nm (e) and outer diameter 36.9±4.8 nm (f) for the 15ff batch 
as measured from TEM micrographs and log-normal fits. 
The final products of different batches differed greatly 
in sizes and in shapes. Smooth spheres and more complex 
structures previously reported as “nanoflowers” were 
obtained this way. TEM images enabled measuring both 
the overall diameters and the individual grain sizes for 
such multi-core NPs. These estimates can be compared to 
other available techniques for particle sizing, e.g. from the 
width of X-ray diffraction peaks, the fit of magnetization 
curve by the Langevin function, or of SANS curve by a 
polydisperse sphere form factor, the latter two methods 
being used here (Figures S3 and S4). Smooth spheres 
were produced with adjustable sizes from ∼4 nm to ∼20 
nm, while nanoflowers were obtained with sizes from ∼27 
to ∼37 nm (Figure 1). The size-histograms could be well-
fitted using a log-normal distribution law of parameters α 
and β (Figure 2). In order to express diameters as d0 ± σ, 
the mean values d0 along with standard deviations σ were 
calculated according to following formulas:  
2
0
2βαedd == and ( ) ( )1220202 −=−= βσ eddd  
Size distributions characterized by β parameters below 
0.2 were considered sufficiently narrow and suitable for 
further characterization. The condition N100HU-5h, under 
mechanical stirring, proved to be both optimal and robust 
for reproducible nanoflower synthesis, TEM images of 35ff 
and 36ff batches being comparable, as seen on Figure 2. 
However, identical conditions but without stirring led to 
smooth spherical iron oxide NPs instead (34ff), of narrow 
size-distribution 18.5±3.2 nm by TEM analysis, or 18.8±6.5 
nm by fitting the DC magnetization curve (Figure S4). 
Figure 3. DLS correlograms and intensity-averaged 
distribution of diameters. The 2nd order cumulant fit leads to 
the Z-average hydrodynamic diameter and polydispsersity 
index (PDI): Dh=36 nm (PDI=0.13) for 35ff nanoflowers (a); 
Dh=16 nm (PDI=0.21) for 20ff UUSPIO smooth spheres (b). 
The dispersion state of the NP batches in a weakly acid-
ic (pH∼2) aqueous medium was probed by dynamic light 
scattering (DLS): The fit of correlograms by the 2nd order 
cumulant method (Figure 3) provides the Z-average hy-
drodynamic diameter (Dh) and polydispersity index (PDI). 
Typical values of Z-average diameters were in the order of 
30 nm, ranging from 16 to 55 nm when considering all 
synthesized batches (Figure S5). Hydrodynamic sizes and 
size dispersity by DLS are always larger than TEM diame-
ters but represent the actual dispersion state of the NPs. 
Figure 4. Temperature profiles vs. time of different samples 
under application of AMF at Happ=10.2 kA⋅m
-1 and f=755 kHz 
(a). Deduced SAR versus mean TEM diameter of the NPs for 
nanospheres (blue) and nanoflowers (red) b). Solid lines are 
power law fits of exponents respectively 2.2 and 0.48. 
The efficiency of the different NP batches for magnetic 
hyperthermia was evaluated by applying an AMF for 5 
min and recording the temperature rise of the samples, 
with iron oxide concentrations set to 3 g⋅L-1 in order to 
compare the results. While no significant heating under 
AMF was obtained for a few samples like the smallest size 
17ff, temperature rise from 37 °C to 70 °C was recorded for 
the best sample (Figure 4). Therapeutic hyperthermia 
requires that injected NPs heat up the cancerous tissues 
at 43–44 °C to deposit a “thermal dose”. This temperature 
can be potentially reached by using the best heating sam-
ples after few minutes, even at a concentration lower than 
in this study (3 g⋅L-1), given that their heating properties 
are preserved in physiological intracellular conditions.26 
The heating properties of the samples were quantified 
using the specific absorption rate determined experimen-
tally using the commonly used formula: 
 ( ) mCtTSAR Pt 0→∆∆=  
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where (∆T/∆t)t→0 is the temperature raise slope at early 
times of AMF application (first 5 s) to simulate adiabatic 
conditions,27 m is the mass of nanoparticles in 1 mL of 
suspension and CP is approximated by the specific heat of 
pure water. Here the SAR was used instead of the intrinsic 
loss power (ILP)28 to evaluate the heating properties, as 
the SAR variation with field intensity can deviate from a 
quadratic law. The plot of SAR at given field amplitude 
(Happ=10.2 kA⋅m
-1) and frequency (f=755 kHz) vs. diameter 
measured by TEM on Figure 4 (b) clearly evidences a 
correlation between the SAR and the TEM outer diameter 
of the NPs, experimentally following a quadratic law for 
nanospheres, and a lower exponent (nearly square-root) 
for nanoflowers, in qualitative agreement with the most 
advanced models on the optimal size of magnetic NPs for 
MFH at given values of their other physical properties 
(specific magnetization and magnetic anisotropy).29 This 
study evidences that nanoflowers and the largest spheres 
find applications as magnetic nanoheaters, while smaller 
NPs do not generate sufficiently heat, and will be mostly 
useful as positive (T1-weighted) MRI contrast agents. 
Intermediate diameters in the range of 10–20 nm 
corresponding to large smooth spheres can be used both 
for MFH and as negative (T2-weighted) MRI contrast 
agents, as evidenced later in this article. 
Figure 5. AC hysteresis loops of samples 31ff, 34ff and 35ff at 
1023 kHz fixed frequency (left). SAR of samples 31ff, 34ff and 
35ff versus field amplitude at different frequencies (right). 
An in-depth characterization of magnetic heating prop-
erties was carried out on selected NP samples with inter-
esting morphologies as evidenced by TEM, having shown 
satisfying SARs at Happ=10.2 kA⋅m
-1 and f=755 kHz: Large 
smooth spheres (34ff) and nanoflowers of different grain 
size and increasing outer diameters (31ff<35ff<15ff). These 
samples were further examined with an in-house devel-
oped pick-up coil set-up allowing SAR measurement on a 
broad range of AMF frequencies and amplitudes.30 AC 
magnetization curves of NPs are plotted on Figure 5 (left) 
versus amplitude Happ up to 21 kA.m
-1 at fixed frequency 
(f=1030 kHz). Similar curves at other frequencies are pro-
vided in Supporting Information (Figures S6, S7, S8 and 
S9). Such hysteresis loops reflect that magnetic moments 
of NPs under AMF excitation oscillate with a phase lag 
relatively to the magnetic field, which converts part of the 
radiofrequency magnetic energy into heat, dissipated in 
the surrounding aqueous medium. Larger hysteresis loops 
areas are obtained at higher amplitudes and higher fre-
quencies, while stronger magnetic anisotropy of the ma-
terials tends to change the shapes of the curves from 
sigmoidal to more square-like shapes: Carrey et al. pro-
posed to interpret such dynamic hysteresis by a two-level 
Stoner-Wohlfarth model instead of the classical linear 
theory of Néel and Brown relaxations of the moments.29, 31, 
32 The larger the surface of the hysteresis loop, the larger 
the energy dissipated by the NPs per AMF cycle. It is pos-
sible to compare these AC magnetization curves to the 
calorimetric experiments by multiplying by frequency the 
surface of a hysteresis loop and dividing by iron oxide 
concentration to get the SAR, and plotting the obtained 
value as a function of frequency and amplitude, as shown 
in Figure 5 (right). It is evidenced that SAR values as high 
as 2000 W⋅g-1 can be obtained with a frequency of 1023 
kHz and amplitude of 20 kA⋅m-1, although out-passing by 
a factor 4 the upper limit of 5×109 A⋅m-1⋅s-1 of the f×Happ 
product recommended for human treatment by MFH.33 
 
Figure 6. SAR (a) and hysteresis loop area A (b) of oxidized 
batch 15ff vs. applied intensity Happ. As can be appreciated on 
the zoomed curves (bottom line), the 15ff sample behaves as 
superparamagnetic at low field (SAR varies as the square of 
Happ). At higher field, it rather shows ferromagnetic behavior 
with a hysteresis area that first rises above a threshold field 
intensity and then reaches a plateau. 
Whereas an ILP parameter was introduced in literature 
by dividing the SAR by frequency and by the square of 
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Happ,
1 the assumption that SAR is a quadratic function 
holds only at low field amplitude (Figure 6 a). Therefore 
we prefer here to report the ratio of the SAR by frequency 
only expressed in J⋅g-1, which represents the area A of a 
hysteresis loop, i.e. the thermal losses per one AMF cycle. 
This method enables comparing the heating properties of 
the magnetic NPs synthesized in this work to other ones 
reported in literature, although they were measured un-
der different conditions and setups. As reported by Carrey 
et al.,29 the plot of hysteresis surface area vs. Happ expected 
for ferromagnetic NPs exhibits a sigmoidal shape: it starts 
from a slow increase as long as the AMF amplitude is 
lower than the anisotropy field of the material Han, then it 
varies rapidly (i.e. with an exponent larger than two, value 
expected for superparamagnetic NPs), and finally A tends 
to a plateau in the high-field limit. This is exactly the 
profile of the plot of A vs. Happ for sample 15ff (Figure 6 
b), with a threshold anisotropy field Han∼10
4 A⋅m-1. The 
plateau limit of the area per AMF cycle around 0.7 mJ⋅g-1 
for oxidized 15ff is not exceptional as a maximal value of 
1.8 mJ⋅g-1 was previously reported for iron oxide NPs ob-
tained after hydrothermal treatment.34 However, sample 
15ff illustrates the complex magnetic nanoflower behavior, 
reflected in the dependence of their hysteresis loss area A 
with the amplitude Happ of the AMF: For the six probed 
frequencies, the plots of the hysteresis area A vs. Happ 
collapse on a master curve. The field dependence remains 
quadratic up to a threshold Happ ascribed to the anisotro-
py field Han of the multi-core structure, characteristic of 
collective dynamics of sintered grains as in a multiple-
domain magnet. For applied AMF intensities below Han, 
nanoflowers exhibit pure superparamagnetic response as 
seen from the quadratic variation of their SAR vs. Happ, 
each of their magnetic mono-domains being excited indi-
vidually by the AMF. The other NP samples of lower sizes 
(below 30 nm) exhibit even superior plateau values of the 
hysteresis area per cycle vs. Happ depending on frequency, 
from 1.6 mJ⋅g-1 for smooth 34ff nanospheres (Figure S10) 
to 2.5 mJ⋅g-1 for 35ff nanoflowers (Figure S12) or 2 mJ⋅g-1 at 
the lowest frequency of 149 kHz. To our knowledge, these 
are the highest hysteresis area values published so far for 
synthetic iron oxide magnetic NPs. 
 
Figure 7. Static magnetization curve of sample 15ff measured 
by VSM before (red curve) and after oxidation (blue curve). 
To get an insight into peculiar structure-property rela-
tionship and complex magnetic behavior of nanoflowers, 
the DC magnetization curves were also measured with a 
VSM setup for 15ff NPs with or without the oxidation step 
(Figure 7). In both cases, the NPs were dispersed in water 
acidified with HNO3 (pH∼2.5). The magnetization curve 
of both samples exhibits null coercive field (Hc=0) and 
zero remanence (Mr=0), which corresponds to the super-
paramagnetic behavior. This evidences good dispersion 
state of the NPs in water, as a remnant magnetization 
would have been expected in case of aggregated samples. 
The saturation magnetization of the un-oxidized sample 
obtained after synthesis and washings is 350 kA⋅m-1, 
slightly below the value 400 kA⋅m-1 of bulk magnetite 
(Fe3O4), as ascribed to spin-canting defects at the NP 
surface,35 or to partial oxidation already starting during 
the purification steps, as no particular precautions were 
taken to prevent it. On the contrary, total oxidation of 
sample 15ff was favored by heating with iron(III) nitrate, 
leading to a magnetization at saturation of 300 kA⋅m-1, 
which is the expected value for bulk maghemite (γ-Fe2O3). 
It was decided to intentionally oxidize every batch pro-
duced in order to keep a control over the magnetic phase 
of the NPs, although at the cost of lowering the magnetic 
saturation and presumably their heating efficiency for 
MFH. Other samples reported in this study exhibit similar 
saturation magnetization (Figure S4). 
Another information provided by VSM magnetometry 
can be gathered by fitting the DC magnetization curves 
by the Langevin function characteristic of superparamag-
netism, convolved by a log-normal distribution of diame-
ters to take into account size-dispersity.21 The resulting 
magnetic domain diameters lay below the outer diameter 
measured on TEM images for nanoflowers: 25.1±12.0 nm 
for 35ff, 21.9±10.6 nm for 31ff, while it is almost perfectly 
equal to the TEM diameter (within experimental uncer-
tainty) for 34ff smooth nanospheres: 18.8±6.5 nm. 
SQUID magnetometry performed on oxidized and un-
oxidized 15ff samples (Figure S13) led to ZFC and FC 
magnetization curves vs. temperature which are both 
lower for un-oxidized 15ff compared to oxidized 15ff NPs. 
Such non-classical ZFC-FC curve profile has been already 
reported for large (18 and 22 nm) Fe3O4 NPs synthesized 
by iron(III) oleate thermal decomposition,36 and was par-
tially explained by the so-called Verwey transition:36, 37 
The NPs undergo a slight crystallographic distortion from 
cubic structure (electronically conducting) to inverse 
spinel (insulating), this change of crystalline structure 
impacting the magnetic properties of the nanomaterial. 
A suitable method to estimate the blocking temperature 
consists in plotting the derivative of the MFC-MZFC curve 
difference with respect to temperature.38 Here it exhibits 
three maxima for both batches (Figure S13): The peak 
near 90K is ascribed to the Verwey transition of magnet-
ite, yet it is not clear why it appears also on the oxidized 
sample. The two other peaks correspond to characteristic 
temperatures, respectively near 200 and 300 K. It is rather 
uncommon for a sample to exhibit two values of the 
blocking temperature, defined as the transition from 
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ferrimagnetic to the superparamagnetic regime. One 
hypothesis is that TB1≈200K is ascribed to individual mag-
netic domains of diameter 7.4±1.4 nm and TB2≈300K to the 
whole magnetic multi-core structure of outer diameter 
36.9±4.8 nm. 
 
Figure 8. Ratio of transverse to longitudinal relaxivities at 1.41 
T/60MHz and 37°C versus average TEM diameters of NPs, for 
nanosphere (blue) and nanoflower (red) samples. Solid lines 
are power law fits of exponents respectively 0.92 and 0.48. 
In order to assess the efficiency of the different batches 
synthesized by the polyol route to relax nuclear spins of 
water protons, their transverse (r2) and longitudinal (r1) 
relaxivities were measured at physiological temperature 
(37°C) with a 60 MHz relaxometer based on a 1.41 Tesla 
magnet, i.e. close to the 1.5 Tesla magnetic field of most 
clinical MRI machines for humans in hospitals (Figure 8). 
In practice, the longitudinal (T1) and transverse (T2) relax-
ation times of water protons were measured with an in-
version-recovery and a CPMG sequence, respectively (see 
Materials and Methods), for different IONPs at decreasing 
[Fe] concentrations starting from 6 mMFe, and pure water, 
exhibiting perfect linearity (see Supporting Information). 
 [ ] ( )water2or1 1Fe1 iii TrT +×==  
In the “outer sphere” model of MRI contrast agents in-
troduced by Ayant and Freed for paramagnetic agents, 
and adapted by Gillis et al. to superparamagnetic IONPs,39 
the increase relaxation rate 1/T2 compared to pure water 
originates from fluctuating dipolar interactions between 
nuclear spins of water proton and the electronic magnetic 
moment of the IONPs. For a limited range of diameters 
called “motional averaging regime” the superparamagnet-
ic particle can be considered immobile during the echo 
time of the sequence compared to random trajectories of 
water molecules diffusing all around the magnetic sphere: 
In this case, Vuong et al. have shown that r2 follows a 
scaling law that is quadratic both with the magnetization 
and with the radius of the “outer sphere”, defined as min-
imum approach distance between H2O molecules and the 
IONP center.40 For the IONP batches prepared in this 
study, the quadratic law is perfectly observed for the 
smooth sphere NPs (Figure S14), validating the proton 
diffusive model. This brings further evidence that any 
organic layer on their surface has been removed by the 
washing steps, otherwise the water protons could not 
reach it, and the quadratic law would not hold. In the 
case of nanoflowers, the variation of r2 vs. size appears 
erratic, presumably because of the rough geometry and 
high specific area mentioned before (Figure S3): In that 
case proton relaxivity may arise by a combination of “out-
er sphere” and “inner sphere” mechanisms, meaning that 
water molecules can be transiently adsorbed in the poros-
ity of the nanoflowers, thus relaxation dynamics cannot 
be modelled by a single translational diffusion constant. 
In addition, the ratio of relaxivities r2/r1 is commonly 
used to evaluate if NPs are better fit for T1 (positive) or T2 
(negative) MRI contrast agents applications. With r2/r1 
ratios larger than 5, most of the IONPs synthesized here 
are suitable as T2 weighted MRI contrast agents, like 
commercial products Resovist®, Feridex®, Cliavist®or Clari-
scan®.41 With much smaller r2/r1 ratios, UUSPIOs of just a 
few nm diameters synthesized in pure DEG are rather 
suitable as T1-type, positive contrast agents. Such 
UUSPIO-based T1-type contrast agents are not yet com-
mercially available, as gadolinium-based paramagnetic 
complexes are preferred, although they are suspected of 
toxicity:42 Gadolinium ions in their un-complexed state 
are indeed nephrotoxic and neurotoxic, and complica-
tions may arise in patients with renal insufficiency: Iron 
oxides having been proven safe in clinical use, UUSPIOs 
could have applications in a near future as alternative T1 
contrast agents. 
CONCLUSION 
This work presented a comprehensive study of IONP 
synthesis by the forced hydrolysis of iron(II, III) chlorides 
in DEG polyol either pure or mixed with poly(hydroxy 
amine) (NMDA). Evidence was brought on the necessity 
of controlling the amount of water in the reacting medi-
um for a successful synthesis by the polyol pathway and 
control of the IONP morphology. A large library of sam-
ples was obtained, ranging from “ultra-ultra-small” UUS-
PIOs (∼3 nm) obtained by water “hot injection” in DEG at 
220°C and fast growth (20 min) to very large ones (up to 
37 nm) synthesized through a longer “heating up” proto-
col, in a DEG/NDMEA 1:1 mixture. Depending on reaction 
conditions (natural mixing vs. mechanical stirring), either 
smooth sphere or nanoflower morphologies were ob-
tained. The structural and magnetic properties of these 
nanoparticles were extensively studied. They all exhibit 
superparamagnetic behavior characterized by reversible a 
magnetization curve in static magnetic field, with a 
strong saturation magnetization, above 3⋅105 A⋅m-1. On the 
physical side, the specific absorption rate (SAR) was first 
tested in fixed AMF conditions (755 kHz, 10.2 kA⋅m-1), 
then those parameters were varied using a pickup-coil AC 
magnetometer. Several scaling laws were derived for the 
SAR and the relaxivity ratio r2/r1, both estimated at 37°C. 
At given AMF condition, the SAR exhibits quadratic varia-
tion with diameter for smooth nanospheres and slower 
variation (viz. square root) for nanoflowers. Transverse 
relaxivity r2 exhibits also quadratic variation with diame-
ter for smooth nanospheres, in line with the “motional 
averaging regime” of the “outer sphere” model of MRI 
contrast agents. Then the r2/r1 ratio, calculated to show if 
IONPs are better suited as T1 or T2 MRI contrast agents, 
Not peer-reviewed preprint of a Submitted Work deposited on https://arXiv.org/abs/1701.05858 8
varies linearly on diameter for the nanospheres, and with 
a lower exponent (viz. square root) for the nanoflowers. 
The AC hysteresis loops measured at varying AMF fre-
quency and intensity brought more information on the 
magnetic hyperthermia mechanisms: For nanoflowers 
and large nanospheres, the SAR vs. field intensity curve 
shows an inflexion point between low and high fields. 
Below a threshold field they present superparamagnetic 
behavior, whereas above this field they behave more like 
ferro-magnets. The threshold field can be associated with 
an anisotropy field as was done in the two-level Stoner-
Wohlfarth model developed by Carrey et al. for blocked 
magnetic moments.29 
Applications in magnetic hyperthermia and as MRI con-
trast agents are envisioned. This versatility of synthesis, 
morphology and therefore physical properties is achieva-
ble playing only on the nature of solvents as well as the 
amount and way of introducing water in the reaction 
vessel (“hot injection” vs. “heating up”), in solvent reflux 
conditions. In brief, robust, gram-scale and easily repro-
ducible synthesis protocols were described to prepare 
from ultra-ultra-small superparamagnetic cores to very 
large size magnetic smooth nanospheres and nanoflow-
ers, the latter offering the highest magnetic heating prop-
erties reported so far, as found in this study and as de-
scribed in previous literature on magnetic hyperthermia. 
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Figure S1. Zeta potential measurement of IONPs which surfaces are partially cleaned after the polyol synthesis (red circles), with 
an isoelectric point (IEP) estimated to be at around pH=9, evidencing the presence of amine moieties of NMEDEA of the solvent 
molecules chelated on the IONPs. IONPs fully cleaned (blue squares), with an IEP estimated to be around pH=7, which is 
consistent with values previously reported for bare iron oxide surface. 
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Figure S2. NMR analyses of DEG (a), NMDEA (b) and of the medium of synthesis before addition of water (c), after addition of 
water (d) and after reaction (e). Addition of water shifts the peak corresponding to hydroxyls, which is further shifted after 
reaction, possibly because of a variation of pH. The solvents do not undergo degradation during the reaction.  
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Figure S3. Small angle neutron scattering curves of samples 30ff (nanoflowers), 15ff (nanoflowers) and 25ff (smooth spheres). 
Solid lines represent fits with polydisperse sphere form factor corresponding to following values of the intensity-average radius 
determined by SANS, to compare with the gyration radius by SANS and the radius obtained by TEM analysis. The specific area 
was estimated by the Porod law (given the concentration and the theoretical neutron scattering contrast of iron oxide in water). 
30ff: RG=18.9 nm, RSANS=18.1 ± 3.9 nm, RTEM=23.5 ± 4.2 nm, Aspe=31.3 m
2⋅g-1 
15ff: RG=19.0 nm, RSANS=10.6 ± 1.8 nm, RTEM=17.5 ± 2.4 nm, Aspe=82.4 m
2⋅g-1 
25ff: RG=10.5 nm, RSANS=10.4 ± 2.3 nm, RTEM=7.1 ± 1.6 nm, Aspe=71.2 m
2⋅g-1 
 
 
Figure S4. DC magnetization of samples 31ff, 34ff and 35ff measured by VSM. As the inset shows, they follow a 
superparamagnetic behavior. The signal was normalized by volume fraction calculated from the iron oxide concentration 
(assuming a mass density of 5 g⋅cm3) in order to derive the specific magnetization per domain, denominated Md. 
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 Figure S5. DLS correlograms and intensity-averaged distribution of diameters. The 2nd order cumulant fit leads to the Z-average 
hydrodynamic diameter (Dh)and polydispsersity index (PDI). 
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 Figure S6. AC hysteresis cycles of oxidized 15ff sample (nanoflowers of grain size 7.4±1.4 nm and outer diameter 36.9±4.8 nm) at 
different AMF amplitudes Happ and frequencies (f). The superimposed black line is the DC magnetization measured by VSM. 
 
 
Figure S7. AC hysteresis cycles of 31ff sample (nanoflowers of 27.5 ± 4.2 nm outer diameter) at different field amplitudes Happ and 
frequencies (f). 
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 Figure S8. AC hysteresis cycles of 34ff sample (smooth nanospheres of 18.5 ± 3.2 nm diameter) at different field amplitudes Happ 
and frequencies (f). 
 
 
Figure S9. AC hysteresis cycles of 35ff sample (nanoflowers of 29.1 ± 4.4 nm outer diameter) at different field amplitudes Happ and 
frequencies (f). 
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 Figure S10. SAR (a) and hysteresis area (b) of sample 31ff (nanoflowers of 27.5 ± 4.2 nm outer diameter) versus applied magnetic 
field amplitude (Happ). 
 
Figure S11. SAR (a) and hysteresis area (b) of sample 34ff (smooth nanospheres of 18.5 ± 3.2 nm diameter) versus applied 
magnetic field amplitude (Happ). 
 
Figure S12. SAR (a) and hysteresis area (b) of sample 35ff (nanoflowers of 29.1 ± 4.4 nm outer diameter) versus applied magnetic 
field amplitude (Happ). 
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Figure S13. ZFC-FC measurement by SQUID magnetometry and derivative d(MFC-MZFC)/dT of the FC-ZFC curve difference for 
un-oxidized Fe3O4 (a) and oxidized γ-Fe2O3 (b) 15ff nanoflowers. The peak near 90K is ascribed to the Verwey transition. 
 
 
Figure S14. Longitudinal relaxivity of smooth spheres (a) and nanoflowers (b). Transverse relaxivity of smooth spheres (c) and 
nanoflowers (d). All measurements were performed at 37°C in a 1.41 Tesla / 60 MHz Bruker mq60 relaxometer. 
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